We present the results of a search for variable stars in a 26 × 39 arcmin 2 field around globular cluster M 79 (NGC 1904). The search was made by means of an extended version of image subtraction, which allows to analyze in a uniform manner CCD frames obtained with different telescopes and cameras of different sizes and resolutions. The search resulted in finding 20 new variable stars, among which 13 are cluster members. The members include one new RR Lyr star of subtype c, three SX Phe stars, and nine variable red giants. We also show that V7 is a W Vir star with a period of 13.985 d. Revised mean periods of RRab and RRc stars, P ab = 0.71 d and P c = 0.34 d, respectively, and relative percentage of RRc stars, N c /(N ab + N c ) = 45 % confirm that M 79 belongs to the Oosterhoff II group of globular clusters. The mean V magnitude of the horizontal branch of M 79 based on ten RR Lyr stars has been estimated to be V HB = V RR = 16.11 ± 0.03 mag. In one RRc star, V9, light changes with three close frequencies were detected, indicating excitation of nonradial modes. An SX Phe star, V18, is a double-mode pulsator with two radial modes excited, fundamental and first overtone. Moreover, we have discovered two SX Phe or δ Sct stars and one W UMa type system, all likely field objects. We also studied the period -luminosity relation for SX Phe stars. Using 62 fundamental and fundamentalized periods of radial double-mode and high-amplitude SX Phe stars known in Galactic globular clusters, we have derived the slope and zero point of this relation to be, − 3.35 ± 0.27 and 2.68 ± 0.03 mag (at log(P/d) = − 1.24), respectively.
Introduction
Globular clusters represent the oldest, and consequently metal poor, ingredients of the Galaxy. Their study is thus very important in the context of formation and early evolution of the Milky Way. They were usually considered a good example of simple stellar population, in the sense that all cluster members share the same age and initial chemical composition, differing virtually only in mass. Recent progress in studies of globular clusters show, however, that they are more complex objects.
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In particular, they can consist of multiple stellar populations; see Gratton et al. (2012) for a review.
Our ongoing observational project is aimed at detecting and analyzing RR Lyr and SX Phe type pulsating stars in globular clusters (Kopacki 2000 (Kopacki , 2001 (Kopacki , 2005 (Kopacki , 2007 (Kopacki , 2013 (Kopacki , 2014 . The overall properties of RR Lyr stars as a group are related to the intrinsic parameters of the host cluster, such as metallicity and age. This manifests in a division of Galactic globular clusters into two Oosterhoff types distinguished by the average period of their RRab stars (see Clement and Rowe 2000 and references therein). SX Phe stars, which are blue stragglers in globular clusters, are interesting because those pulsating in radial modes follow period -luminosity relations (Nemec et al. 1994 , McNamara 1995 , Cohen and Sarajedini 2012 . These stars can be therefore used as independent distance indicators.
In this paper we present the results of a variability survey in M 79. Preliminary results of this analysis were already published by Kopacki and Pigulski (2012a) . Moreover we discuss period -luminosity relation for SX Phe stars based on radial double-mode stars of this type known in Galactic globular clusters.
The Cluster
M 79 (NGC 1904, C0522-245 in the IAU nomenclature) is a southern globular cluster with an intermediate metallicity [Fe/H] = −1.59 according to the updated Harris ' (1996) catalogue. 1 The structural parameters of M 79, taken from the same catalogue, are: the core radius r c = 9.6 arcsec and the half-light radius r h = 39 arcsec. The cluster's tidal radius determined by Lanzoni et al. (2007) equals to r t = 8.3 arcmin. Color -magnitude diagram of the cluster shows prominent extended blue horizontal branch (hereafter BHB), very similar to what is observed for M 13 (Kravtsov et al. 1997 , Dalessandro et al. 2013 . In the deep photometric study of Lanzoni et al. (2007) , based on the HST observations, the cluster was shown to contain a relatively large and centrally concentrated population of blue stragglers. M 79, along with NGC 1851, NGC 2298, and NGC 2808, was suggested by Martin et al. (2004) to be associated with the Canis Major (CMa) dwarf galaxy. This idea was, however, questioned by other studies (e.g. Mateu et al. 2009 ) due to the lack of a BHB stars and no excess of RR Lyr stars in the CMa overdensity.
The most recent version of the Catalogue of Variable Stars in Globular Clusters 2 (CVSGC, Clement et al. 2001 ) lists 14 variable objects in the field of M 79 including ten RR Lyr stars, V3 -V5 (Bailey 1902), V6 (Rosino 1952), V9 -V13 (Amigo et al. 2011) , and V14 (Kains et al. 2012) . The remaing four stars exhibit mosty long-term variability. Two of them, V7 and V8 have no firm classification assigned, although V7 is suspected to be Pop. II Cepheid with an approximate period of 0.7 d. We note here, that variables V9 through V14 were independently discovered by Kopacki and Pigulski (2012a) .
Observations
The CCD observations presented here were obtained at the South African Astronomical Observatory (SAAO), Sutherland, Republic of South Africa, and at the Siding Spring Observatory (SSO), Coonabarabran, Australia. At SAAO we used the 40-inch telescope equipped with a STE4 detector. It was a SITe backilluminated CCD camera with a size of 1024×1024 px ('px' stands for 'pixel'), gain of 2.8 e − /ADU and a read-out noise of 6.5 e − . At SSO we made use of the 40-inch ANU telescope equipped with the Wide Field Imager (WFI). Only three chips of the WFI were utilized (their alignment is shown in Fig. 1 ). Each of them had a size of 4096×2048 px, gain of 4.7 e − /ADU and an average read-out noise of 7.2 e − .
The observations were carried out in 2008, from February 2 to March 17 at SSO, and from April 9 to 15 at SAAO. Since our main goal was a search for variable stars in M 79, we observed mostly through V filter of the Johnson-Cousins U BV (RI) C system, but to secure color infromation we observed also in the I C passband (only at SSO). In total, we obtained 769 V -filter and 255 I C -filter CCD frames of the cluster.
Each CCD chip of the SSO WFI camera covered an area of 25.7×12.8 arcmin 2 , thus one integration with three chips covered about 26×39 arcmin 2 . Hereafter, we designate the three subfields of the WFI as SSO-1, SSO-2, and SSO-3, with the first one being the northernmost. The frames obtained at the SAAO covered about 5.2×5.2 arcmin 2 . The outlines of the observed fields are shown in Fig. 1 . As can be seen, the cluster core was placed in the center of both SSO (in particular SSO-2) and SAAO fields.
The exposure times amounted to 300 s in the V filter, and to 200 s in the I C filter. On most nights the weather was very good but some nights were interrupted by a strong wind and, especially in the morning, by a thick mist. The seeing was in the range from 1.1 to 5.0 arcsec and from 1.3 to 2.7 arcsec, for SSO and SAAO observations, respectively.
Photometric Reductions
The pre-processing of the CCD frames was performed in the usual way and consisted in a 2 × 2 binning (only for the SSO data), subtraction of the overscan and mean bias frame and applying flat-field correction using mean flat-field frames constructed for each night separately. The dark current was found to be negligible for both instruments. Instrumental magnitudes for all stars in the observed fields were derived with the DAOPHOT profile-fitting package of Stetson (1987) . All images were reduced using the method described by Jerzykiewicz et al. (1996) . We A. A.
-11 -10 -9 -8 -7 -6 -5 -4 -3 - 2  -1  0  1  2  3  4  5  6  7  8  9  10  11  12  13 identified about 4200, 16500, and 2700 stars in the observed three SSO subfields, respectively, but could not resolve well the dense cluster core. A schematic views of the monitored fields are presented in Figs. 1 and 2.
The differential photometry was derived on the frame-to-frame basis rather than on the usual star-to-star basis, using the procedure described by Kopacki et al. (2008) . In short, before extracting light curves for every observed star, instrumental photometry derived from each frame was shifted to the same magnitude scale (defined by means of a reference frame) by an average offset in brightness between a given frame and the reference frame. This method was applied separately for every SSO subfield, that is SSO-1, SSO-2 + SAAO, and SSO-3.
Our instrumental V magnitudes and (V − I C ) colors were transformed to standard ones using the updated Stetson's (2000) obtained the following transformation equations:
where uppercase letters (V , I C ) denote standard magnitudes and lowercase letters (v, i) , the instrumental magnitudes; N is the number of stars used in transformation and σ is the standard deviation of the fit. It should be noticed that Stetson's (2000) photometry is tied directly to the Landolt's (1992) standards. Figure 3 shows the standard deviation for all stars with realiable photometry, that is stars located outside the cluster core, as a function of the mean V magnitude. The cluster core is defined as a circular area around cluster center with a radius of 50 arcsec. Our differential photometry has an accuracy of about 10 mmag for the brightest stars, decreasing to 40 mmag for stars with V = 20 mag.
In order to search for variable stars in M 79, we reduced our CCD frames with the image subtraction method (hereafter ISM) as implemented by Alard and Lupton (1998) and Alard (2000) . In general, the same procedure of reductions as in Kopacki (2000) was followed. Only subfields containing cluster core, SAAO and SSO-2, were processed in this way. The two other subfields, SSO-1 and SSO-3 were searched for variable stars using DAOPHOT photometry. Initially, we reduced SAAO and SSO-2 frames separately, using reference frames constructed for each subfield from the best-seeing low-background images. We computed difference images and derived the final profile photometry from them using two settings of the size of the convolution kernel: 18 px for the SSO frames and 12 px for the , obtained using SAAO (blue squares) and SSO-2 (red circles) reference frames. Light gray crosses indicate the complete light curves covering both SAAO and SSO-2 observations, which were determined using SSO-2 reference frame. The ordinate scale is the same in both panels.
SAAO frames. These values secured adequate image subtraction, especially for stars located in the cluster core or in the neighborhood of bright stars.
To have ISM light curve of a given variable star expressed in the uniform flux scale, the differential photometry obtained from reductions of the SAAO frames needs to be transformed to the flux scale of the SSO-2 frames, for example. This task is quite simple for strictly periodic stars, even if -as in our case -the two sets of images do not overlap in time. For stars showing long-term (possibly quasiperiodic) light-curve modulation it can be, however, troublesome and rather unreliable. In order to solve this problem, we decided to reduce our SAAO frames using the SSO-2 reference frame. The procedure that followed was very similiar to the original reductions with the ISM, namely all SAAO frames were interpolated onto the coordinate system of the SSO-2 reference frame, and then the resampled images were optimally convolved with the reference frame. Finally, the convolved frames were subtracted from reference frame, providing difference images. Since SAAO frames were taken only through the V filter, these calculations were performed only for this passband.
It turned out, however, that the build-in application for image resampling is strictly valid only for translated frames (shifted along one or both rims). It uses twodimensional spline interpolator. Due to its simplicity, it works quite fast, but cannot be used for frames rotated in respect to the reference frame with an angle even of 0.2 degrees, especially if the image is large. In order to override this limitation, we wrote a programme ftsresample, 3 which also utilizes the spline method but in a local regime, in which resampling of each pixel in the original image is done separately using a box of nearby pixels. The method works properly for every rotation (and coordinate's shifting and scaling) but requires much computational time. Moreover, it has an advantage of transforming frames with different sizes into the same astrometric system.
Comparing the light curves determined from the SAAO data in the approach described above with those obtained from initial reductions, that is using two different reference frames, the SSO-2 and SAAO, we found them in excellent agreement. This testifies that the new method works well. Examples of the comparison for two RR Lyr stars are shown in Fig. 4 . The only possible source of systematic errors could be different realizations of a given passband, but evidently in this case they were negligible.
We used two methods to search for variable stars in the set of V -filter difference images produced with the ISM for merged SSO-2 and SAAO subfields. Both methods were based on determination of light curves for fixed positions in the reference frame and a search for periodic signal among them using Fourier analysis. In the first method, we derived differential fluxes for all stars detected in the reference frame by DAOPHOT package and for all brightenings found in the variability map (defined as an average of the absolute values of the best-seeing difference frames) and computed Fourier spectra of these light curves in the frequency range from 0 to 50 d −1 . In order to identify variable stars, we inspected visually all stars showing a significant peak (with signal-to-noise ratio S/N > 4) in the periodograms of their light curves. The results of this approach are summarized in Fig. 5 . This figure shows the plot of the S/N of the hightest peak in the amplitude spectrum as a function of the corresponding frequency for all stars detected in the reference frame. In this way, we detected 33 variable stars, among which 20 are new discoveries.
To check if we did not miss faint large-amplitude variable stars (especially in the crowded cluster core) we also performed the so called pixel photometry on difference frames. This approach assumes that a star is centered at a given pixel and the light curves are derived for all positions covering the whole area of the detector with a 1 px resolution. The method was successfully applied by Kopacki (2005 Kopacki ( , 2007 to search for SX Phe stars in the cores of M 13 and M 92. We confirmed the already obtained results but found no other variable stars in the field.
With the purpose of deriving standard V -magnitudes for pulsating variable stars located in the cluster crowded core, for which our ground-based DAOPHOT photometry is not realiable, we made also use of the available HST observations of M 79. Among the archival WFPC2 HST data we found two data-sets. The first set consists of three F439W (equivalent to B) and two F555W (V ) frames, which were taken on 1995 Oct 14 within the HST proposal GO 6095 by G. Djorgovski. The other observations are four F336W (U ) and five F555W (V ) images obtained on 1997 Apr 18 within proposal GO 6607 by F. Ferraro. All these data were used by Lanzoni et al. (2007) in their panchromatic study of M 79. In the context of our variability survey, the HST data we used consist virtually of only two epochs.
The outlines of the WFPC2 fields are shown in Fig. 2 . As can be seen, they were chosen in such a way, that cluster core is approximately centered on the PC chip (giving the highest resolution of 0.05 arcsec/px). Moreover, they embrace the area where variables V3 -V5, V9 -V14, V16, and V18 are located. We downloaded the WFPC2 data from the Multimission Archive at Space Telescope 4 and processed them with the HSTphot package of Dolphin (2000a Dolphin ( , 2000b . We followed the standard procedure of reductions as described in the manual to this package. Using standard V magnitudes obtained from the HST frames we were able to transform our differential V -flux photometry (∆ f ) from the ISM to magnitude scale by fitting for every variable star the following equation:
where V ref and f ref are reference points in magnitude and flux, respectively, the two parameters which are to be found. Since the HST photometry and our observations are separated by about 12 yr, the fit was performed in the phase domain, rather than in the time domain. For RR Lyr stars we assumed there is no phase shift between satellite and ground observations. For SX Phe stars (having much shorter periods than RR Lyr stars) we had to apply small phase shift to properly align the ISM and HST light curves, but always the fit was unambigous. In this manner, V light curves were determined for two SX Phe stars, V16 and V17, and for five RR Lyr stars, V5, V9, V10, V12, and V13.
Results of the Variability Survey
All fourteen variable or suspected variable stars listed in the CVSGC for M 79 were inside the field we observed. Star V1 was found to be constant in our data. We confirm that V7 is a Pop. II Cepheid of the W Vir type. For the first time, we determine the period of this star which is equal to 13.985 d and obtain V I C light curves very well covered in phase. They are shown in Fig. 6 . Two stars, V2 and V8, are semiregular variables located at the tip of the red giant branch in the cluster color -magnitude diagram (see Fig. 12 ). It should be noted that we were not able to derive light curves expressed in magnitudes for all observed variable stars. To keep the presentation of our results consistent as much as possible, light curves of variables from SSO-2 subfield will be shown in flux units, whereas light changes of variables from other two subfields, with standard magnitudes. We observed all ten RR Lyr stars previously known in M 79 and found one more star of this type, surprisingly at a very large angular distance from the cluster centre, 11.4 arcmin (in Fig. 1 it can be found close to the western border of the SSO-2 field). It is an RRc star. Its position at the horizontal branch of the cluster's colormagnitude diagram (Fig. 12) cleary indicates it is a cluster member. Extending the numbering scheme of the CVSGC for M 79, we denote this new variable star V15. The V -and I C -filter light curves of all RRab and RRc stars we observed are shown in Figs. 7 and 8, respectively. Since all RR Lyr stars in a given globular cluster have approximately the same mean brightness, differences in flux amplitude of the observed RR Lyr variables strictly reproduce differences in amplitude expressed in magnitude. The larger scatter of observations in the light curves of V10, V11, and V12 is very likely of instrumental origin and is caused by imperfections of image subtraction in the cluster core. However, one of the RRc stars, V9, clearly shows a modulation of the light curve. This star will be discussed later.
In addition, we have found seven other periodic variable stars. Three of them were detected in the central SSO-2 subfield. We designate them V16 through V18 and classify as SX Phe stars. Their location in the blue straggler region of the cluster's color -magnitude diagrams (see the left panel of Fig. 12 and Fig. 13 ) strongly suggests they are physically bound to the cluster. The V -filter light curves of these SX Phe stars are presented in Fig. 9 . All these stars, except V18, exhibit single-period oscillations. Multiperiodic variable V18 will be discussed separately.
The remaining four periodic variable stars, which we name V29 through V32, were found in the side subfield SSO-3, and can be identified in from their location in the color -magnitude diagram (the right panel of Fig. 12 ) they are likely field stars. The light curves of these variables are shown in Fig. 10 . Variables V29 and V30 exhibit changes with short periods typical for SX Phe and δ Sct stars. The light curve of V29 is clearly asymmetric with a sharp maximum, which indicates for a high-amplitude δ Sct or SX Phe star. Star V30 can be either a pulsating star or a W UMa type eclipsing star or an ellipsoidal system. If it is a binary system, its period should be doubled. Finally, V31 is a W UMa type variable and V32 shows brightness variations of unknown type with a period of 0.7587 d. Bright red giants in globular clusters usually show small-amplitude irregular variability (Welty 1985) . In M 53 and M 13, for example, almost all stars at the tip of the red giant branch are variable (Kopacki 2000 (Kopacki , 2003 . In contrast, no or very few variable red giants were found in M 92 (Kopacki 2001 ) and M 80 (Kopacki 2013) . From our observations of M 79 we find almost all red giants at the very tip of red giant branch to be variable. They mostly exhibit small-amplitude longperiod/irregular light changes. Two of them, V2 and V8, were previously known as variable, and the other twelve (including three field stars), which we designate, V19 through V28, V33, and V34, were discovered in this study. Those variable red giants which have realiable DAOPHOT photometry are indicated in the colormagnitude diagram of the cluster (left panel of Fig. 12) . All variable stars observed in and around M 79 are indicated in Figs. 1 and 2. Fig. 2 shows the dense central area of the cluster. In addition, finding charts for variables located in the very central region of the cluster (r < 1 arcmin) and for V17 are presented in Fig. 11 . The astrometric and photometric parameters of the variable stars are given in Table 1 . For each star we provide adopted designation, equatorial coordinates, (α, δ) 2000 , and if available, average V magnitude, V , mean (V − I C ) color index, V − I C , ranges of variability, ∆V and ∆I C , period(s), P, and type of variability. The equatorial coordinates were derived from astrometric transformation of our rectangular positions using about 750 (SSO-1), 2680 (SSO-2) and 540 (SSO-3) stars in common with the NOMAD catalogue (Zacharias et al. 2004 ). De- Except for V17, they were extracted from the WFPC2 frames and cover 15 × 15 arcsec 2 . The chart for v17 was prepared using SSO-2 reference frame and its size is 30 × 30 arcsec 2 . North is up and east to the left.
pending on the SSO subfield, the standard deviations of the derived astrometric equations were in the range 0.2 − 0.35 arcsec for right ascention and declination. The mean magnitudes V and I C are intensity-weighted averages in the case of pulsating stars and arithmetic means for the other variable stars. The average colors are defined as V − I C . The intensity-weighted mean magnitudes and the ranges of variability of periodic stars were computed from the fit of the truncated Fourier series to our instrumental V and I C magnitudes and only for stars having reliable photometry. ∆V for V4 should be treated with caution, since this RRab star shows strong Blazhko effect (Fig. 7) . For the variable red giants (VRGs) we give the range of the mean nightly magnitudes. Periods are given with an accuracy resulting from a non-linear least-squares fit of truncated Fourier series to the observations. For each star we used the smallest possible number of harmonic components which described reasonably well the observed light curve. For multiperiodic stars, V9 and V18, we provide ranges of variability and periods of all detected terms. The
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T a b l e 1 Archive. Moreover, for stars having reliable DAOPHOT or HST photometry we provide light curves with differential fluxes transformed to magnitudes and then to the standard system.
Color -Magnitude Diagrams
The V vs. (V − I C ) diagrams for the fields observed in M 79 are shown in Fig.  12 . Only stars with the angular distance from cluster center larger than 1.5 arcmin and error in color smaller than 0.05 mag are taken into account. The left panel of this figure presents color -magnitude diagram for the combined SSO-2 and SAAO fields, embracing the core of the cluster, while in the right panel we show a diagram for peripherial fields SSO-1 and SSO-3. As expected, the SSO-1 and SSO-3 frames are heavily dominated with stars not belonging to the cluster. The W Vir star, V7, is located about 2.5 mag above cluster's horizontal branch, and SX Phe star, V17, is found in the blue straggler region. Only five RR Lyr stars could be included in Fig. 12 , two RRab stars, V3 and V4, and three RRc variables V6, V14 and V15. RRab stars clearly separate from RRc variables, which occupy the hotter part of the instability strip. In these diagrams we indicate those variable stars, which could not be resolved in our ground-based data (and therefore are not shown in Fig. 12) , that is two SX Phe stars, V16 and V18, and seven RR Lyr stars, V5, V9, and V10 -V13. Whenever possible, we used cycle-averaged V magnitudes derived from the SSO light-curves, but still all colors were determined from sparce HST observations in B and U . This is the reason for some RR Lyr stars to deviate from their expected position in the horizontal branch of the cluster. The most severe examples are two RRab stars, V3 (the brightest and bluest RR Lyr star in the left panel of Fig. 13 ) and V10 (the bluest RR Lyr star in the right panel of Fig. 13 ). This is a consequence of the large amplitudes and non-sinusoidal shapes of the light curves for this type of pulsating stars. The two SX Phe stars are found among the blue straggler population of the cluster.
Multiperiodic Variable Stars
Two RR Lyrae stars, an RRab star V4 (Fig. 7) and an RRc star V9 (Fig. 8) show long-period modulation of the light-curve shape, which is reffered to as the Blazhko effect (see, e.g., Kolenberg et al. 2010 , Benkő et al. 2010 . This behaviour is an indication of multiperiodicity. We searched for additional periodic signals in the light curves of all observed pulsating stars and found that SX Phe star V18 is also multiperiodic. The modulation period of V4 turned out to be much longer then the time-span of our observations, so we could not make meaningful Fourier analysis of its light curve. We shall now discuss the remaining two stars, V9 and V18, in more detail. It should be noted that Amigo et al. (2011) and Kains et al. (2012) suggested, that V9 could be an RRd star. All frequencies cited below are given with an accuracy resulting from the fit of the finite Fourier series to the observations. The Fourier spectrum of the original observations of RRc star V9 is shown in Fig. 14a . The highest peak occurs at a frequency of f 1 = 2.6380 d −1 . Periodogram of the residuals obtained after prewhitening the original data with the frequency f 1 is presented in Fig. 14b . The highest peak is found at a freqeuncy of f 2 = 2.7702 d −1 , which is quite close to the primary frequency f 1 . The third significant frequency, f 3 = 2.7000 d −1 , can be seen in Fig. 14c , after removing f 1 and f 2 from the original data. In the data prewhitened with all three detected frequencies we found only combination term f 1 + f 2 and its daily aliases, which can be seen in the periodogram of these observations illustrated in Fig. 14d . No more periodic terms are found in the light curve of V9, which is testified by the flat periodogram obtained after prewhitening the data with all observed frequencies, including combination term (see Fig. 14e ). Phase diagrams for all three periodic components
A. A.
found in V9 are shown in the right panels of Fig. 14. Summarizing, we detect in light changes of V9 a close frequency triplet with secondary and tertiary frequencies located on the high-frequency side of f 1 . The differences in frequency are the following: ∆ f 2−1 = f 2 − f 1 = 0.0620 d −1 and ∆ f 3−1 = f 3 − f 1 = 0.1322 d −1 . As can be seen, frequencies f 1 , f 2 , and f 3 do not form an equidistant triplet structure. Moreover, periodicity with the largest amplitude, which can be attributed to the radial mode, does not correspond to the central component. Taking into account these arguments, we conclude that V9 does not exhibit classical Blazhko effect, that is (almost) periodic modulation of amplitude and phase of light variations, which in the Fourier domain manifests as an equidistant multiplet structure with the central frequency identified with the radial mode (Kovács 2009 , Benkő et al. 2010 . A very small separation of the f 2 and f 3 components from the presumably radial one ( f 1 ) suggests that both f 2 and f 3 correspond to nonradial modes of pulsation.
The other multiperiodic star we found is the SX Phe variable V18. The Fourier spectrum of the V -filter data of this star is presented in Fig. 15a . The highest peak is found at frequency f 1 = 19.8909 d −1 . The asymmetric shape of this periodic component is manifested by the presence of the peak at 2 f 1 . After removing the frequency f 1 with its harmonics from original observations, we obtain residuals for which the periodogram is shown in Fig. 15b . Here the highest peak occurs at frequency of f 2 = 0.4478 d −1 . This signal can be traced to the contamination from a nearby RR Lyr star V13. Variable V13 is located only 3.7 arcsec from V18 (see Fig. 2 ), and shows light changes with frequency of f V13 = 1.4505 d −1 . Apparently, a small amount of the flux from V13 falls into the aperture centred on V18. Thus f 2 can be easily identified with a daily alias of f V13 , that is f 2 = f V13 − 1 d −1 . After prewhitening the data with f 1 and f 2 , we obtain residuals for which the periodogram is shown in Fig. 15c . Other significant peaks appear at the frequencies f 3 = 25.5298 d −1 and f 4 = 1.9011 d −1 . The term f 4 can be again explained as a signal originating from V13, because f 4 = 2 × f V13 − 1 d −1 . Frequency f 3 is intrinsic to the analyzed star, which is strongly testified by the presence of the combination term, f 1 + f 3 , which can be also clearly seen in Fig.  15c . The spectrum of the residuals obtained after prewhitening the observations with all detected frequencies (Fig. 15d ) is practically flat with some higher signal at low frequencies that can be attributed to the instrumental effects. Thus, we found V18 to be a double-mode star. Phase diagrams of the two components, f 1 and f 3 , are shown in the right panels of Fig. 15. The ratio of the periods for the double-mode SX Phe star V18 is equal to P 3 /P 1 = 0.779. This value (shown as squared cross in Fig. 16 ) agrees very well with theoretical predictions for double-mode radial pulsations in intermediate metallicity SX Phe stars. We conclude, that V18 is a variable pulsating simultaneously in the radial fundamental and first overtone modes. This star will be used in the next section devoted to the period -luminosity relation for SX Phe stars. 
Period -Luminosity Relation for SX Phe Stars
Although intrinsically fainter than Cepheids and RR Lyr stars, SX Phe variables are gaining increasing attention because they can be used as distance indicators. They are short-period pulsating stars considered as a Population II counterparts of δ Sct stars and are found frequently in globular clusters. The existence of the periodluminosity relation for SX Phe stars has been clearly established both theoretically (Santolamazza et al. 2001 ) and empirically (e.g. McNamara 1995 , Poretti et al. 2008 .
SX Phe stars, however, are known to pulsate both in radial and/or nonradial modes. The period -luminosity relation should be defined for stars pulsating in the same radial mode. First, we need to assign oscillation modes to periodicities observed in SX Phe variables. Unfortunately, there is no unique method of mode identification based on a simple photometric parameters derived from the light curve alone. This problem can be solved with the usage of SX Phe stars pulsating simultaneously in two radial modes, because their period ratios fall in a narrow range, 0.77 − 0.79, for the first overtone (FO) and fundamental (F) radial modes, and 0.81 − 0.83 for the second (SO) and first overtones (Santolamazza et al. 2001) . This approach was recently used by Cohen and Sarajedini (2012) and Kopacki and Pigulski (2012b) . Unfortunately, the number of known double-mode variables of this type is rather small.
We performed an extensive literature search for SX Phe stars in Galactic globular clusters, supplemented with the catalogue of SX Phe stars in globular clusters by Rodríguez and López-González (2000) and revised version of the CVSGC by Clement et al. (2001) . Altogether, 263 stars of this type with suitable data (pulsation period(s) and mean V brightness) located in 30 globular clusters were found. This sample includes 27 radial double-mode pulsators. Among them, 23 are SX Phe stars pulsating simultaneously in the fundamental and first overtone modes (F+FO) and the other four are exhibiting oscillations in the first and second overtones (FO+SO) .
The basic parameters of radial double-mode SX Phe variables are given in Table 2. For each star we provide the name of the parent cluster, star designation, mean V magnitude, V , primary and secondary periods, P 1 and P 2 , period ratio, P 2 /P 1 , and identification of excited modes. We included also the double-mode SX Phe variable discovered recently in NGC 4833 by Kopacki (2013) , although its standard V magnitude is not known at present with a sufficient accuracy (Darragh and Murphy 2012). The observed period ratios for radial double-modes SX Phe stars, together with the theoretical values for the first three radial modes taken from Santolamazza et al. (2001) , are shown as a function of the primary (F for F+FO or FO for FO+SO stars) period in Fig. 16 . It is interesting to note, that most of the F+FO pulsators have fundamental periods in a rather narrow range between 0.047 d and 0.066 d.
In order to plot period -luminosity relation for the known SX Phe type stars we need absolute magnitudes of these stars. They were derived from the apparent distance moduli (m − M) V of the parent globular clusters. Values of M V were determined using metallicity -absolute magnitude calibration for the mean brightness of the cluster's horizontal branch:
which is based on RR Lyr stars and was derived by Gratton et al. (2003) . The average visual magnitudes of the horizontal branch stars, m V (HB), and cluster metallicities, [Fe/H], were taken from the Catalogue of Parameters for Milky Way Globular Clusters by Harris (1996) . The results of these calculations are shown in Fig. 17 .
As can be seen from Fig. 17 , the scatter in the period -luminosity diagram for SX Phe stars is very large. The main reason for this is surely the occurrence of stars pulsating in different modes, both radial and non-radial. It is usually assumed that SX Phe stars having ranges of variability ∆V > 0.3 mag and showing asymmetric Fig. 17 shows clearly, that these conditions are rather poor discriminants of the radial pulsation mode in SX Phe stars. Dividing our sample of SX Phe stars according to ∆V into three separate groups and comparing them with the period -luminosity calibrations of Cohen and Sarajedini (2012) and McNamara (1995) , we can see that even stars with ranges ∆V > 0.6 mag do not form tight relation. We can, however, conclude that the larger light amplitude, the higher possibility that a given star pulsates in the fundamental radial mode. In order to define the period -luminosity relations for SX Phe stars, for which we know for sure they are pulsating in radial modes, we made use of confirmed double-mode radial pulsators found in Galactic globular clusters. The periods and absolute magnitudes of the F+FO and FO+SO double-mode SX Phe stars are shown A. A. in the right panel of Fig. 17 . Now, evident separation between F and FO modes defining two parallel strips can be discerned in this figure. To increase the number of stars, we included in this fit single-mode variables with high amplitudes (HA), ∆V > 0.6 mag, obtaining totally 35 stars: 22 F+FO and 13 F pulsators. Fitting a straight line to the F components yields equation:
where σ denotes standard deviation from the fit. This relation is shown with a solid line in the right panel of Fig. 17 . As can be seen, the scatter around derived relation, and consequently the error of the slope is relatively large. However, the uncertainity of the absolute magnitude is determined by the error of the zero point, which is defined above as M V at the log(P F /d) = −1.24, and has quite a small value. It should be noted that Cohen and Sarajedini (2012) identified fundamental radial mode SX Phe stars as those having ∆V > 0.2 mag and M V magnitudes close to the fundamental-mode period -luminosity relation derived from radial double-mode SX Phe stars only. In view of the arguments given above, we consider this approach to be inaccurate. Instead, we assumed that only SX Phe stars with ∆V > 0.6 mag are fundamental mode pulsators.
We also derived the following period -luminosity relation for FO mode using FO periods of the F+FO and FO+SO stars:
The number of points used in the fit was 24. We excluded two the faintest stars (FO+SO pulsators from ω Cen), which seem to be too faint for their periods (see the right panel of Fig. 17 ). The fitted relation is indicated in Fig. 17 with a dashed line. As expected, the slopes of the two period -luminosity relations, for fundamental and first overtone periods, are almost the same. These values compare well with the slope derived by Cohen and Sarajedini (2012) . In order to include in a single fit as much points as possible, we also used all available periods of radial modes observed in SX Phe variables, namely fundamental periods of high-amplitude and F+FO stars and fundamentalized FO and SO periods of F+FO and SO+FO pulsators. We assumed the following mean period ratios P FO /P F ≈ 0.783 and P SO /P FO ≈ 0.820. In total, this sample consisted of 62 points. From these data we determined the final equation:
M V = (−3.35 ± 0.27) × [log(P F /d) + 1.24] + (2.68 ± 0.03) σ = 0.21 mag,
A. A.
with coefficients very similiar to those of the period -luminosity relation derived above from F pulsators only.
Theoretical predictions for pulsational models of SX Phe stars show that inclusion of color and/or metallicity terms greatly reduces the dispersion of the period -luminosity -color -metallicity relation (Petersen and Freyhammer 2002) . We attempted to take into account the metallicity term in the linear least-squares fit, but found it, in agreement with Cohen and Sarajedini (2012) , insignificant.
Summary and Conclusions
Our wide-field variability survey resulted in the discovery of 20 new variable stars in the field of globular cluster M 79. Of these, one is an RR Lyr star, four (possibly five) are SX Phe stars, one shows W UMa-type light variations and another one is a periodic variable of unknown type. The remaining twelve stars are irregular red giants belonging to the cluster or semiregular field stars. Of the SX Phe stars only three are cluster members. We also found suspected variable star V7 to be a W Vir type star with a period of 13.985 d. Since we probed cluster crowded core with the ISM and covered large area around it, we suppose that our search revealed all RR Lyr stars belonging to the cluster.
The total number of RR Lyr stars known in M 79 is now 11. Six of them are RRab stars, the remaining five are of the RRc type. With our study, we increased this number only by one RRc star. Nevertheless, revised mean periods of RRab and RRc stars, P ab = 0.71 d, P c = 0.34 d, respectively, and relative percentage of RRc stars, N c /(N ab + N c ) = 45 %, confirm recent results of Amigo et al. (2011) and Kains et al. (2012) that M 79 belongs to the Oosterhoff II group of globular clusters.
The mean V magnitude of the horizontal branch for M 79 determined from the intensity-weighted mean magnitudes of the ten RR Lyrae stars is equal to V HB = V RR = 16.11 ± 0.03 mag. This value is very close to the V brightness of the cluster's horizontal branch given in the latest version of the Harris' (1996) catalogue, 16.15 mag. Using the RR Lyr based metallicity -luminosity relation from Gratton et al. (2003) we find M V (HB) = 0.54 mag for M 79. By adopting a reddening of E(B − V ) = 0.01 mag and a value of total-to-selective extinction R V = 3.1, the true distance modulus is equal to (m − M) 0 = 15.54 mag, corresponding to a distance of 12.8 kpc. These values fall in the range of modulus and distance estimates published till now and summarized by Kains et al. (2012) .
Among RR Lyr stars we found two variables, V4 and V9, exhibiting Blazhko effect. The RRc star V9 shows in the frequency domain three closely spaced components, one of which corresponds to the radial overtone. The other two are thus probably nonradial modes. One SX Phe star, V18, is a double-mode pulsator with the period ratio indicating pulsations in two radial modes, fundamental and first overtone.
Prompted by the discovery of radial double-mode SX Phe star in M 79, we studied period -luminosity relation for this type of pulsating variables. Using 62 fundamental and fundamentalized periods of radial double-mode and high-amplitude SX Phe stars known in Galactic globular clusters, we derived a slope and zero point of this relation to be, −3.35 ± 0.27 and 2.68 ± 0.03 mag (at log(P/d) = −1.24), respectively. Further searches for radial double-mode SX Phe variables are needed for a better determination of period -luminosity calibration for SX Phe stars.
It should be noted that the period -luminosity relation we derived for SX Phe stars is based on the calibration of the absolute magnitude of cluster's horizontal branches and thus on RR Lyr stars. We anticipate that the Gaia mission (Lindegren and Perryman 1996) will provide more accurate distances for many field SX Phe stars, which surely allows independent determination of this relation.
